Aims To investigate how different tree species affect the composition of SOM and its mineralization in boreal forest ecosystems. Methods We used pyrolysis GC-MS for molecularlevel characterization of the SOM formed under five common boreal tree species at a replicated field experiment~50years after plantation. We incubated soil samples at 4, 9, 14 and 19°C and measured inherent CO 2 production and substrate-induced respiration. We then evaluated if the saprotrophic microbial activity and its temperature sensitivity was controlled by the SOM composition.
Introduction
An estimated 30% of the earth's soil organic matter (SOM) pool of ca. 2300 Pg C is stored in soils of high-latitude ecosystems (Tarnocai et al. 2009 ). This mass of carbon is similar to that of CO 2 -C presently found in the atmosphere (Ciais et al. 2014) . Therefore,
The organo-chemical composition of SOM is highly sensitive to the plant species growing in the soil and their traits because they are major sources of SOM. In particular, the presence of different tree species can profoundly affect the composition of the SOM (Preston et al. 2000; Quideau et al. 2001; Erhagen et al. 2013) . The rate and temperature sensitivity of SOM decomposition are also influenced by the tree species that dominate the organic matter input to the soil (Karhu et al. 2010; Erhagen et al. 2013) . It has been suggested that the influence of tree species on the physicochemical properties of the soil and biogeochemical processes is primarily observed in the superficial topsoil (Augusto et al. 2015 and references therein). The variation in edaphic factors and land-use history often makes it difficult to evaluate the effects of individual tree species on soil properties and processes in established forests. Common garden tree replication experiments eliminate some of these site-related factors that confound assessments of species' effects (Binkley 1995; Hobbie et al. 2006; Mueller et al. 2015) but are rarely performed (Augusto et al. 2015) .
Common garden studies in the boreal region are scarce but those available have reported significant differences in the forest topsoil C stocks among tree species, i.e. more C is found in Picea and Pinus plots compared to broadleaves after ca 35 years (Alban 1982; Smolander et al. 2005 ) and > 50 years (Olsson et al. 2012 ) after tree establishment. In contrast, Eriksson (1998 and found no significant differences in topsoil C stocks among tree species ca 30 years after tree planting but do report differences in the distribution of micronutrients in the soil and vegetation compartments. However, it is not clear from these studies how SOM formation and degradation are affected by changes in tree species composition over intermediate time scales (~50 years) caused by e.g. afforestation or environmental change. This is partly because the diversity of molecular structures originating from the litter of trees involved in SOM formation and further microbial processing involved in the long-term stability of SOM cannot be fully represented by coarse metrics as C:N ratios.
To bridge this knowledge gap, the aim of this study was to determine how different tree species affect soil properties and processes critical for SOM composition and its mineralization in boreal forest ecosystems. We hypothesized that, different tree species generate SOM with different organo-chemical compositions, leading to even small changes in the rate of SOM decomposition in these regions can profoundly affect atmospheric CO 2 levels and the global climate. Soil C cycling in highlatitude boreal forests is expected to change in the coming years because of increasing warming (mainly during winter), changes in the water balance, and land use intensification (Hyvönen et al. 2007; Ciais et al. 2014) . It is therefore necessary to better understand how land management activities such as the choice of forestry tree species impact terrestrial ecosystem processes and their sensitivity to changing environmental conditions.
The composition of SOM and its turnover are critical determinants of nutrient cycling, soil formation, and the net ecosystem carbon balance (Waksman 1936; Trumbore 2000; Kleber and Johnson 2010; Schmidt et al. 2011 ). However, the interaction between the composition and decomposition of SOM is not fully understood because of the challenges associated with characterizing the genesis and decomposition rate of SOM, and the associated biological processes (Lehmann and Kleber 2015) . SOM is currently believed to consist of a complex continuum of plant and microbial biopolymers and their degradation products in a state of progressive biotic and abiotic decomposition (Sutton and Sposito 2005; Kelleher and Simpson 2006; Schmidt et al. 2011; Lehmann and Kleber 2015) . The persistence of SOM in the soil thus depends on a complex set of interactions between biological and physicochemical factors that control its rate of decomposition (Schmidt et al. 2011) .
Important abiotic drivers of SOM decomposition include the soil moisture and soil temperature, both of which strongly affect rates of saprotrophic microbial activity. The Arrhenius kinetic model (Arrhenius 1889) suggests that the temperature sensitivity of a reaction's rate should increase as a consequence of decreased activation energy (i.e. higher carbon quality). However, in practice it is difficult to determine exactly how the decomposition of SOM depends on the temperature. This is largely due to the multitude of processes involved and the fact that the overall response depends on a wide range of environmental factors aside from the temperature, as well as substrate availability (Davidson and Janssens 2006; Ågren and Wetterstedt 2007; Öquist et al. 2009 , 2016 . It has been suggested that the organochemical composition of the SOM controls microbial access to the substrate and must therefore be accounted for when attempting to understand the temperature response of SOM decomposition (Conant et al. 2011; Erhagen et al. 2015) . differences in the mineralization, CO 2 production temperature response, and SOM properties. To test this hypothesis, we investigated the molecular composition of SOM developed on the topsoil of a ca. 50-year-old replicated tree plantation experiment featuring five commonly occurring boreal tree species.
Material and methods
Site description and experimental design SOM was collected from an experimental site located 15 km north of Umeå in N.E. Sweden (63°53′42′′N, 20°32′ 34′′E). Over the standard climate reference period of , the annual mean temperature at the site was 2.9°C and the annual precipitation was 662 mm (Alexandersson et al. 1991) . The site was planted according to a randomized block experimental design featuring three replicate 25 × 25 m plots of meadow (used as control plots) and the five different tree species: Norway spruce (Picea abies L. Karst.), Lodgepole pine (Pinus contorta Dougl.), Scots pine (Pinus sylvestris L.), Siberian larch (Larix sibirica Ledeb.) and Silver birch (Betula pendula Roth). The land at the site was formerly cultivated; its soil is an Inceptisol originating from glacifluvium with a silty layer overlaying clay (Soil Survey Staff 2003) . The soils at the site were ploughed and fertilized until the late 1940s. It was used as a hay meadow during the 1950s, and was subsequently left unused until the establishment of the tree species experiment. Seedlings were germinated in 1968 and planted in 1971 without site preparation. Mechanical weed control was applied once a year for the first 8 years after tree plantation (90 seedlings per plot). The total stem basal area measured in 1998 was 28, 32, 32, 25 and 27 m 2 ha −1 for B. pendula, L. sibirica, P. abies, P.
contorta and P. sylvestris, respectively (Alriksson and Eriksson 1998) . At the time of sampling for this study, stem basal area amounted to 25, 26, 31, 20 and 26 m 2 h −1 for B. pendula, L. sibirica, P. abies, P. contorta and P. sylvestris, respectively. The reduction in stem basal area was due to commercial thinnings for all species except for P. contorta which also has been affected by adult tree mortality caused by windthrows. The unplanted area has been kept a meadow and at the time of sampling, the field layer was dominated by Timothy grass (Phleum pratense), Wavy hair-grass (Deschampsia flexuosa), Couch grass (Elymus repens) and Wood crane's-bill (Geranium sylvaticum). No clear understory vegetation was found in the plots planted with L. sibirica, P. abies, P. contorta and P. sylvestris but the field layer was characterized by sporadic tufts of grass (Dechampsia cespitosa) and puzzlegrass (Equisetum sylvaticum). The bottom layer of the plots planted with Silver birch was dominated by Couch grass (Elymus repens) and Wood anemone (Anemone nemorosa). Further details of the site can be found in the paper by Alriksson and Eriksson (1998) .
Soil organic matter sampling and processing SOM samples were collected in mid-October 2015 from the incipient uppermost F soil layer (i.e. the uppermost 3 cm, each sample covering 25 × 25 cm area). The F layer has been reported to show the greatest differences among tree species with respect to microbial activity (Kanerva and Smolander 2007) . No podzolization was evident in the profiles of the conifer plots but there was a clear distinction between the F layer and underlying A horizon with the mineral material. Although we assumed a similar sampling scheme for the B. pendula and meadow plots, the differences in humus formation among treatments resulted in samples also including the transition or top of the A horizon. In each plot, SOM samples were randomly collected from six points within three meters of the plot's center and combined into a bulk sample, resulting in a total of 18 bulk samples (three for each of the five tree species and one unplanted area). When sampling, relatively fresh organic residues, identifiable plant material, such as leaves or needles, wood or twigs were removed and areas close to the plot boundaries were avoided so that the samples were representative of the tree species planted in each plot. The thickness of the litter layer varied for the different species and more needles were present in the L. sibirica as compared to the other plots. The samples were stored at 4°C for a week before further processing. In the laboratory, the soil was passed through a sieve (5 mm mesh size) to homogenize the bulk samples and remove any traces of green tissue, roots, and other plant matter. All the samples were then frozen and stored at −18°C.
Soil subsamples for incubation experiment were removed from the freezer after 3 weeks and thawed at 4°C overnight. This sample handling and storage time does not significantly affect microbial activity after thawing (Stenberg et al. 1998; Tilston et al. 2010) . The water and organic matter contents of thawed samples were determined by measuring changes in the weight of subsamples after drying at 105°C for 24 h and the loss on ignition (LOI; 550°C for 6 h), respectively. Total C and N contents were determined using a Flash EA 2000 elemental analyzer (Thermo Fisher Scientific, Bremen, Germany) (Werner et al. 1999 ).
Pyrolysis-GC-MS analysis SOM subsamples were taken from each bulk sample, freeze dried and tube-milled for 60 s (IKA®, Staufen, Germany). Next, triplicates of 200 μg (± 10 μg; giving a total of 54 subsamples) were weighed (XP6, MettlerToledo, Zaventem, Belgium), and transferred to autosampler containers (Eco-cup SF, Frontier Laboratories, Japan). Initial Py-GC-MS conditions were taken from Gerber et al. (2012) . Briefly, the analytical setup consisted of an oven pyrolyzer equipped with an autosampler (PY-2020iD and AS-1020E, FrontierLabs, Japan) connected to a GC/MS system (Agilent, 7890A-5975C, Agilent Technologies AB, Sweden). The injector was operated with a split ratio of 16:1, using helium as the carrier gas. After 20 s of pyrolysis at 450°C, the pyrolysate was separated on a J&W DB-5MS capillary column (30 m length, 0.25 mm diameter, 0.25 μm film thickness; Agilent Technologies AB, Sweden). The oven temperature was initially set to 40°C and was then increased at 32°C min −1 to 100°C, then at 6°C min −1 to 120°C, then at 15°C min −1 to 250°C, and finally at 32°C min −1 to 320°C. The total run time was 19 min, and scanned mass spectra were recorded over the range 35-250 m/z. Peak detection was performed using the software supplied with the instrument (Chemstation; Agilent Technologies AB, Sweden). A pyrolysis temperature of 450°C was used to avoid complete degradation of some specific organic matter biomarkers (Tolu et al. 2015 and references therein).
Data processing and analysis
Raw data files were converted to NetCDF format and exported using the software supplied with the instrument (Agilent Chemstation Data Analysis Version E.02.00.493) and processed with 'R' (version 2.15.2, 64 bits) using the GC/MS data processing methodology described by Jonsson et al. (2005) . This processing pipeline produces a text file containing mass spectroscopic data for each peak and a data table listing the peak areas for each sample after chromatogram smoothing and alignment, background correction, and multivariate curve resolution by alternate regression (MCR-AR) (Karjalainen 1989) . Tables of peak areas for each sample were imported into the mass spectra library searching tool 'NIST MS Search 2.0' (http://chemdata.nist.gov/dokuwiki/doku.php?id= chemdata:ms-search) to identify peaks based on spectra from the 'NIST/EPA/NIH 2011' library and the list of compounds published by (Tolu et al. 2015) .
To avoid loss of peak resolution and separation during data processing, we processed chromatograms of samples with low and high signal separately, in addition to processing all chromatograms together. Processing the chromatograms of all samples resulted in the identification of 71 compounds which is 62% of total detected peaks (or 86% ± 1% SD of total extracted peak area) -this included CO 2 and acetic acid. Processing the chromatograms of samples with high signal resulted in the identification of 27 additional compounds while processing chromatograms with low signal resulted in the identification of 15 additional compounds, which makes in total 113 compounds, CO 2 and acetic acid included. The occurrence of CO 2 and acetic acid have been proven to be pyrolysis byproducts (Tolu et al. 2015) and were removed prior to normalizing the peak areas of the compounds identified in each sample such that they summed to 100%. The set of 111 pyrolytic organic compounds that were included in the analysis closely resembles the sets of compounds identified in other Py-GC-MS studies on soil, peat, and sediment samples (e.g. Peulvé et al. 1996; Buurman et al. 2005; Schellekens et al. 2009; Micić et al. 2011) (Table S1 , Supporting information). CO 2 production rates and kinetic parameters To optimize moisture conditions for microbial activity, the water content of the thawed SOM samples was adjusted to a water potential of −25 kPa before incubations (Ilstedt et al. 2000) . Twenty grams of wet soil (equivalent to 13 ± 0.6; 12 ± 2.4; 8.9 ± 0.4; 11.2 ± 1.9; 9.6 ± 1.1 and 9.3 ± 1.7 g dry weight for control, B. pendula, L. sibirica, P. abies, P. contorta and P. sylvestris soil samples respectively) were placed in 250 ml airtight incubation jars (Nalgene, Thermo Fisher Scientific). One SOM sample from each bulk sample (n = 18) was incubated at each of four temperatures (4, 9, 14, and 19°C) , resulting in a total of 72 incubations. The biogenic CO 2 production during each incubation was measured hourly using a respirometer (Chapman 1971; Respicond VI, Nordgren Innovations, Djäkneboda, Sweden; Nordgren 1988) . The incubation jars were installed in the apparatus, each of which was equipped with a small vessel containing 10 ml KOH (0.5 M) and two platinum electrodes. The jars were placed in an insulated water bath whose temperature was tightly controlled (±0.02°C). CO 2 produced by SOM respiration was trapped in the KOH solution, causing its electrical conductivity to decrease; this decrease was measured by the platinum electrodes. The measured rate of conductivity change was then recalculated and expressed in mg CO 2 g −1 OM dry
. The following parameters were extracted from the respiration curves: Basal respiration (BR) was calculated as the average of 100 consecutive hours of CO 2 measurements starting 3-4 days after the start of the incubation, when the samples' respiration rates had stabilized. The BR rates reflect the inherent metabolic properties of the microorganisms in the incubated sample. After the BR had been determined, the soil samples were treated with a substrate consisting of carbon (in the form of glucose) together with solutions of (NH 4 ) 2 SO 4 and KH 2 PO 4 . The amount of added glucose amounted to 50 mg C g −1 SOM, and the final C:N:P molar ratio for the added substrate was 181:13:1. Substrate-induced respiration (SIR) is defined as the immediate response in CO 2 production upon addition of a C substrate at the level of substrate saturation. It is therefore a measure of the soil's microbial potential, i.e. the microbial biomass within the soil that is capable of degrading the added carbon substrate (Anderson and Domsch 1978) . The SIR was calculated as the average of 5 hourly measurements following substrate addition. The ratio of the BR to the SIR (Q R = BR/ SIR) is the respiratory ratio, and is a measure of the actual activity of the CO 2 producing community in the soil relative to the soil's potentially active microbial population (Blagodatskaya and Kuzyakov 2013) .
Determination of Q 10
To determine the temperature sensitivity of SOM decomposition, Q 10 values were derived from the BRs measured at the four temperatures. Q 10 is the factor by which rates of respiration change in response to a ten degree change in temperature. The respiration rate and its temperature dependency were described using an exponential model of the type suggested by Fang et al. (2005) (Eq. 1):
Where e, is the base of the natural logarithm, ß is the exponent of exponential function that best fits the corresponding respiration and temperature data (calculated with eq. 2) and 10 is a factor corresponding to the 10-degree difference in temperature. A curve-fitting model was used to calculate the standard deviation of the exponent ß. The standard error (SE) for Q 10 was obtained from the slope of the Taylor expansion according to eq. 2:
Statistical analysis
The distributional properties of the data met the assumptions of normal distribution. One-way ANOVA followed by a Tukey's multiple comparisons test (p < 0.05) was used to evaluate the significance of differences in soil characteristics (e.g. C and N content, pH, OM content) between all treatments, including the control treatment (i.e. the abandoned meadow plot). To analyze main and interaction effects of tree species and temperature on the BR, a two-way ANOVA was performed with temperature and tree species as factors, followed by a Tukey's multiple comparison test. Two-way ANOVA was also used to explore main and interaction effects of tree species and incubation temperature on the ratio of actual to potential respiration (Q R ). The ANOVA was followed by a Tukey's multiple comparisons post hoc test (p < 0.05).
To evaluate the effects of tree species on the molecular composition of the SOM, a principal component analysis (PCA) was performed on scaled and centered data on the 111 identified pyrolytic organic fragments and the other SOM descriptors (i.e. pH, C:N ratio, SOM content, C and N %). Because we specifically wanted to explore the effects of the planted tree species on the organic chemistry of the SOM, the abandoned meadow plots were not included in this analysis. The PCA model generated three significant components. Although PC2 and PC3 both explained 11% of the total variance, the inclusion of PC2 in the model systematically reduced the model's performance, which is indicative of a factor associated exclusively with noise. Therefore, only PC1 and PC3 were considered in subsequent analyses as explanatory of the data variance.
To test the hypothesis that SOM content, BR, SIR, Q 10 , and Q R can be explained by the organo-chemical composition of the SOM, we performed a partial least squares (PLS) analysis. PLS separates the systematic variation in the SOM's molecular composition (X) into principal components linearly related to Y (SOM content, BR, SIR, Q 10 , and Q R ). The R 2 value obtained in this analysis represents the variance explained by the best fit model, while Q 2 represents the proportion of the variance explained by the x-validation prediction. Model components were added only if they increased both R 2 and Q 2 . Variable of importance (VIP) values at a significance level of 95% were used to identify important and significant variables for the PLS analysis. X variables with VIP values >1 and significant coefficients were included in the model because they can be considered to be the most influential variables . The PCA and PLS analyses were performed using the SIMCA-P software package version 14.0 (Umetrics, Umeå, Sweden).
Results

Soil characteristics
Fifty years of tree growth had significantly increased the soil C:N ratio in the planted plots relative to that in the control plots (Fig. 1a ). The C:N ratio for the control plots (15.1 ± 0.5) was significantly lower than those for soils formed under L. sibirica, P. contorta and P. sylvestris and P. abies, but did not differ significantly from that for soils formed under B. pendula, (20 ± 2) (ANOVA, r 2 = 0.68, p = 0.009). No significant differences in C:N ratios were detected among tree treatments (Fig. 1a) . The C and N content of the soil samples were not significantly different in the planted plots compared to the control (ANOVA, r 2 = 0.40, p = 0.2 and r 2 = 0.27, p = 0.5 for C and N%, respectively), but there was a general trend towards higher C and N content in the conifer tree treatment plots -particularly the P. abies plots (Fig. 1b and c) .
In addition, no significant differences in SOM content were detected (ANOVA, r 2 = 0.44, p = 0.18), among plots, but there was a general trend towards higher OM content in the tree treatment Fig. 1 Means (n = 3) ± SE (upper panel) and 95% confidence intervals relative to the mean value for the abandoned meadow (lower panels) of soil property descriptors for soils formed under five different tree species and the abandoned meadow. The confidence intervals result from a post hoc Tukey group multiple comparison assuming equal variances. C-abandoned meadow, B P -B . p e n d u l a , LS-L . s i b i r i c a , PA-P. a b i e s , PC-P. contorta, PS-P. sylvestris. In the upper panels, means labeled with different letters differ significantly. In the lower panels, a mean differs significantly from that for the abandoned meadow if its confidence interval does not contain zero plots -particularly the P. abies and P. sylvestris plots (39 ± 12 and 34.5 ± 9.5% OM respectively) -compared to the control plots (12.3 ± 2% OM) (Fig.  1d ). There were also no significant differences in soil pH between the abandoned meadow plots and plots with trees, although the pH values of P. sylvestris and P. contorta plots were somewhat lower than the others. There was a significant difference in pH between L. contorta and P. abies plots (p = 0.04) (Fig. 1e) .
Organo-chemical composition of the SOM
The two significant PCA components based on the 111 identified pyrolytic fragments and found to significantly contribute to the model (see methods) explained 64% of the variation in the organic chemical composition of the forest soil samples (R 2 = 0.64, Q 2 = 0.6, n = 15 Fig. 2 a and b, Table S1 , Supporting information). Data on the relative contributions of the pyrolytic fragments are summarized in Table S2 . The first principal component ( Fig. 2,  PC1 ; 53% of total variance) explained variance in the relative abundance of different pyrolytic fragments originating from differences in tree species. Pyrolytic fragments derived from SOM developed under B. pendula (PC1, positive loadings) differed from those derived from SOM developed under coniferous tree species, including the deciduous conifer L. sibirica (PC1, negative loadings). In particular, pyrolytic fragments of carbohydrate polymers (e.g. D-glucopyranose and levoglucosan) associated with lignin (guaiacol) subunits were associated with samples from the conifers. The pyrolytic fragments from B. pendula were rich in aliphatic carbons such as short and intermediate-chain n-alkanes (C18-23), alkan-2-ones (C27-30), and n-alkenes (C22-26), as well as microbially originated N-containing compounds (specifically, pyrrole and pyridine) together with lignin subunits (syringols), and low molecular weight carbohydrates (e.g. 2-furaldehyde and α-acetobutyrolactone).
The second significant PCA component explaining 11% of the total variation separated pyrolytic fragments indicative of within-species variation amongst the treatment blocks in the study (Fig. 2) . Specifically, carbohydrate pyrolysis products (e.g. hydroxyl-2-propanone), phenols (e.g. cate c ho l ) , a n d i nd o l e w e r e a s s o c i a t ed w i t h P. sylvestris and P. abies plots in block 3, and were negatively correlated with pyrolytic fragments of carbohydrate polymers (e.g. levoglucosan) and steroids (e.g. stigmastan-3,5-diene) associated with the P. sylvestris and P. abies plots in blocks 1 and 2, which contribute strongly to the second PC but not to the first PC (Fig. 2) . Thus, the experimental blocks' spatial heterogeneity contributed modestly to the observed variation in the organo-chemical composition of the SOM, explaining 11% of the total variance.
Respiration rates from soil organic matter and Q 10 responses for basal respiration
The temperature sensitivity of BR (as estimated by the Q 10 variable) at temperatures between 4 and 19°C was not significantly different between any of the treatments (Fig. 3) . However, a two-way ANOVA of basal respiration responses using tree species and incubation temperature as factors revealed that while temperature alone accounts for 76% of the explained variation (p < 0.001), tree species contribute 11% (p < 0.001), and the tree species-temperature interaction also contributes significantly, accounting for 5% of the explained variation (p = 0.017, r 2 = 0.93, full model with interaction effects). The BR rates were mainly affected by tree species at 14 and 19°C but not at 4 and 9°C (Fig. 4) . The basal rates of microbial respiration in soil developed under P. sylvestris plots were significantly higher than those for soils developed under other treatments at both 14°C and 19°C (Fig. 4) .
Substrate-Induced Respiration (SIR) after glucose addition represents the maximum potential respiration by the microorganisms in the sample. A twoway ANOVA of the mean ratios of basal respiration to substrate-induced respiration (Q R ) (Table 1) , using tree species and incubation temperature as factors revealed that tree species accounted for 44% of the observed variation (p < 0.001). Temperature and its interaction with tree species were not significant (p = 0.79 and p = 0.64 respectively). Data on SIR are presented in the Supporting information (see fig. S1 ). In general, Q R was significantly lower for soils from the abandoned meadow and B. pendula plots than for conifer tree treatments at 14°C. The Q R values for the tree treatments were not significantly different from that for the control plots at 4°C (p > 0.05), and only the P. contorta and P. abies plots exhibited significantly higher Q R values than the abandoned meadow at 9 and 19°C (p = 0.01 and p = 0.004, respectively). Among tree species treatments B. pendula plots showed significantly different Q R values compared to P. abies at 4°C (p = 0.05). Relationship between respiration, temperature sensitivity and SOM organic chemical composition
The PCA analysis included not only SOM pyrolytic fragments but also conventional SOM descriptors (pH, C:N ratio, SOM content, C and N %) and the respiratory responses BR, SIR and Q R (R 2 = 0.63, Q 2 = 0.5, n = 15; Fig. 2 a and b) . PC1 revealed that SOM from coniferous tree treatments was clearly associated to a high C:N ratio, high BR at 4°C, and high respiratory ratios (Q R ) at 4, 14, and 19°C. These variables also correlated positively with most of the carbohydrate polymers and oligomers and lignin (guaiacol) subunits, stigmastan-4-en-3-one, α-Tocopherol, pyrans (4-Hydroxy-5,6-dihydro-(2H)-pyran-2-one), and furans ((2H)-furan-3-one), as indicated by their negative PC1 loadings.
SOM from B. pendula plots had high PC1 loadings, and was thus characterized by high relative proportions of lignin (syringol) subunits, furans (e.g. α-acetobutyrolactone), N-containing compounds and short and intermediate-chain n-alkanes (C18-23), alkan-2-ones (C27-30), and n-alkenes (C22-26). 35% of N-containing compounds in B. pendula plots is comprise by pyrolytic fragments related to pyrrole and pyridine (see Table S1 supplementary). The PCA also revealed that pH, Q 10 , basal respiration rates at 9, 14 and 19°C and SIR at the same temperatures were not correlated to any of the other variables, i.e. they all had low PC1 loadings.
A Partial Least Squares (PLS) regression analysis was performed to characterize the dependence of the soil chemical and soil biological variables on the relative abundance of different pyrolysis Temperature Sensitivity (Q 10 ) Fig. 3 The average (n = 3 ± SE) temperature response (Q 10 ) of the basal respiration (BR) for soil incubations from each tree plantation treatment and the abandoned meadow plots. Tree species had no significant effect on the Q 10 temperature sensitivity of basal respiration. C-abandoned meadow, BP-B. pendula, LS-L. sibirica, PA-P. abies, PC-P. contorta, PS-P. sylvestris ) for soils from the abandoned meadow and tree treatment plots at 4, 9, 14, and 19°C. Different letters above the bars denote significant differences (p < 0.05) in respiration rates at the indicated temperature. C-abandoned meadow, BP-B. pendula, LS-L. sibirica, PA-P. abies, PC-P. contorta, PS-P. sylvestris fragments (Fig. 5, Table 2 ). Only data for soil samples from tree covered plots were included in this analysis since the overall aim of the study was to investigate differences among tree species. The pyrolysis-derived fragments explained 68% of the variation in the properties of the SOM (R 2 Y = 0.68, Q 2 = 0.63, R 2 X = 0.76, n = 15; Fig. 5a ). This model confirmed the PCA-based finding that the SOM content had a strong negative correlation with pyrolytic fragments of short and mid-length chain n-alkanes (C18-24) and N-containing compounds (e.g. pyrrole, pyridine, and the Pro-Pro diketopiperazine), which were associated with soils in the B. pendula treatment. The SOM content also had a strong positive correlation with pyrolytic fragments of levosugars and lignin (guaiacol) subunits, which were associated with the coniferous tree treatments (Fig. 5a ). The variable of importance (VIP) plots (data not shown) indicated that the pyrolysis compounds with the highest import a n c e i n t h e m o d e l w e r e c o n y f e r o l a n d dihydroconyferyl alcohol, pyrolytic fragments of short-chain n-alkenes (C18-21), and three carbohydrate degradation products: 1,4:3,6-dianhydro-α-dglucopyranose, 2-furaldehyde, and 2,3-dihydrobenzofuran (Fig. 5a) .
Among the measures of CO 2 production from the soil samples, the ratio of basal respiration to substrateinduced respiration (BR:SIR = Q R ) stood out as being very significantly dependent on the composition of the pyrolysis fragments at all four incubation temperatures (Table 2) . Between 68 and 81% of the total variance in Q R at the four temperatures was explained by highly significant PLS models (Table 2, Table S3 , Fig. 5 b and  c) . Conversely, the individual respiratory components (BR and SIR) were either not significantly explained or only weakly explained (BR 4°C , BR 9°C and SIR 14°C ). The only exception was SIR 19°C , for which 60% of the variance was explained ( Table 2) . The PLS models revealed that Q R values for all tested temperatures were largely positively correlated to the pyrolysis fragments' content of ligno-cellulose complexes, i.e. carbohydrate polymers and lignin (guaiacol) subunits (e.g. Figure 5 b and c show the model results for 19 and 4°C). In addition, the Q R values at all temperatures correlated strongly and negatively with the relative abundance of aliphatics, N-containing compounds, and low molecular weight carbohydrates. Variable of importance (VIP) plots (data not shown) showed that the importance of Table 1 Mean respiratory ratios (Q R ) (n = 3 ± SE) for soil samples incubated at 4, 9, 14 and 19°C, expressed as the ratio of the respiration rates before (basal respiration; BR) and after the addition of glucose at substrate saturation level (substrate-induced respiration; SIR) Different letters above the mean Q R values denote significant differences (p < 0.05) for abandoned meadow plots and tree treatments and between tree treatments at different temperatures pyrolytic compounds indicative of low molecular weight carbohydrates in the Q R models increased at lower temperatures ( Fig. 5 b and c, Table S3 ). The temperature sensitivity (Q 10 ) of saprotrophic respiration was not significantly explained by the pyrolysis data on SOM organo-chemical composition. Crossvalidation of the PLS analysis generated 2 components, but neither of them significantly explained the variance in the Q 10 temperature sensitivity.
Discussion
Effects of tree species on organo-chemical composition of SOM Detailed characterization of the soil organic matter (SOM) from the experimental plots revealed that different tree species influence SOM genesis significantly by changing the topsoil's SOM content and its organochemical composition. We show that after almost half a century of tree growth, a tree-type specific molecular fingerprint is evident in SOM formed under conifers and B. pendula trees. We also show that SOM developed under coniferous trees was richer in less-degraded lignocellulose complexes, i.e. high molecular mass carbohydrates strongly associated with lignin compounds rich in guiacyl (G) subunits (Hedges and Mann 1979; Kögel et al. 1988) . This is consistent with the results shown by Hilli et al. (2012) using pyrolysis-GC-MS analyses on unfractionated samples from boreal soils. Hilli et al. (2012) however, used higher pyrolysis temperatures as compared to our study which might explain why they observed comparatively more lignin-or other polyphenol-derived substances in their samples. Previous reports also suggest the compounds we observe are indicative of relatively non-degraded SOM (Sollins et al. 1996; Helfrich et al. 2006; Vancampenhout et al. 2009 ).
Pyrolysis products of small polysaccharides and some microbial material (e.g. furans and furaldehydes) (Schellekens et al. 2009 ) as well as steroids were also associated with SOM from plots planted with conifers. Steroids have been found to comprise a large proportion of the compounds found in organic matter layers of boreal soils linked to plant root litter production . β-sitosterol, stigmasterol and campesterol are the major plant sterols, of which β-sitosterol is the most common in soils (Naafs et al. 2004; Kanerva et al. 2008) . Steroids are used as indicators of SOM preservation and the biodegradation status of plant material because they are readily degraded in the environment (Mackenzie et al. 1982; Simpson and Simpson 2012) . In our study, the relative abundance of ß-sitosterol compared to that of three steroid biodegradation products (stigmastan-3,5-diene, stigmast-4-en-3-one, and stigmastan-3,5-dien-7-one) was higher in plots planted with coniferous species, suggesting that steroids from coniferous trees were better preserved relative to B. pendula and abandoned meadow plots (Table S1 ).
In contrast to the conifer plots, SOM from plots planted with B. pendula contained compounds associated with more extensively decomposed plant and microbial material. The SOM from plots planted with B. pendula had relatively high proportions of bio-macromolecule degradation products such as intermediate-length n-alkenes and n-alkanes (C22-26) and long-chain cell wall lipids (C27-C30 alkan-2-ones). Previous pyrolysis studies showed that these compounds derive from the degradation of suberin and cuticular waxes into shorter chains (van Bergen et al. 1998; Hajje and Jaffé 2006; Buurman and Roscoe 2011) . SOM from B. pendula plots also contained lignin compounds rich in syringyl (S) subunits, which are known to be characteristic of SOM originating from broadleaved tree species or grasses (Hedges and Mann 1979; SaizJimenez and De Leeuw 1986; Kögel et al. 1988) .
Notably, we found N-containing compounds (i.e. pyrrole and pyridine and Pro-Pro diketopiperazine) associated with SOM planted with B. pendula trees. These compounds are known to be specific pyrolysis products of proteins or amino acids (Fabbri et al. 2012) i.e. SOM precursors that could be of either plant or microbial origin (van Bergen et al. 1998; Schellekens et al. 2009 ). We found the N-containing compounds associated to low molecular weight carbohydrates and previous studies have shown this is a clear indicator of the presence of significant amounts of microbial SOM (Abelenda et al. 2011; Buurman and Roscoe 2011) , high microbial activity and a high degree of decomposition (Schulten et al. 1992; Gleixner et al. 1999; Nierop et al. 2001; Chefetz et al. 2002; Schnitzer et al. 2006) .
Overall, SOM formed in plots with coniferous species contained compounds indicative of comparatively low SOM degradation, with relatively high proportions of intact plant-derived molecules. On the other hand, SOM from B. pendula plots contained a higher proportion of products of microbial origin and plant biopolymer degradation products. Thus, in the B. pendula plots, microbial processes might be a key driver of the level of degradation we observe and also the long-term stabilization of SOM. Collectively, the variation in SOM composition reflects both the identity of the tree species planted half a century ago, differences in litter composition and the current state of SOM decomposition.
Only a handful of common garden studies have been reported on the effects of tree species on topsoils in the boreal region. Their results show that forest floor C and nutrient levels at sites planted with different tree species decrease in the order Picea > Pinus > broadleaf (Populus or Betula) (e.g. Vesterdal et al. 2013 and references therein) . Similarly, the mean total SOM and N contents in our samples decreased in the order Picea > Pinus = Larix > Betula. Soil N, foliar concentrations of Ca, N or C:N ratios and lignin: N ratios are commonly used as descriptors of SOM quality (Vesterdal et al. 2008 (Vesterdal et al. , 2012 . Previous studies in boreal soils have shown that soil C:N ratio can be positively linked to e.g. specific phenolic secondary metabolites and terpenes (Kanerva et al. 2008) . We found that the SOM content, C, N % and C:N ratio were clearly related to tree species and the molecular composition of SOM.
The combination of general descriptors (e.g. C:N ratio and SOM content) and a detailed characterization of the SOM molecular composition explain a large part of the variation observed in our SOM samples and advances our understanding of the effects of individual tree species on SOM composition. Interestingly, a study (Alriksson and Eriksson 1998) conducted 20 years ago at the same experimental site as investigated herein reported no significant differences in the forest floor C or N content (estimated as g C m −2 ). We cannot observe a significant increase in C or N content after 44 years, although there is a strong trend towards increased C and N content, especially in the F layer of coniferous plots. This confirms that changes induced in C and N content by different tree species are comparably slow. In comparison, changes in the molecular-level composition of the SOM is a much faster process.
Effect of tree species identity and SOM organic chemical composition on microbial respiration and its temperature sensitivity
The Q 10 values were not significantly different among the tree species. However, the two-way ANOVA analysis of basal respiration at different temperatures showed a small but significant effect of tree species on basal respiration rates. In addition, the PCA analysis suggests a rather weak correlation between Q 10 values and the organo-chemical composition of SOM. Nonetheless, it is evident that the effect of tree species on the temperature response was limited, in keeping with our earlier study on nearby boreal forest stands (Erhagen et al. 2013) . Although Erhagen and coauthors (Erhagen et al. 2013) found Q 10 to decrease as the carbonyl content of the SOM increased, it exhibited no correlation with any other class of organic compounds. The finding that the temperature sensitivity of soil CO 2 production is apparently independent of the SOM organic chemical composition as determined by CP-MAS 13 C NMR (Erhagen et al. 2013) or Py-GC-MS (this work) is inconsistent with predictions based on the Arrhenius kinetic model (Bosatta and Ågren 1999; Davidson and Janssens 2006) . The observation of clear differences in basal respiration rates of different tree species at 14 and 19°C, but not at 4 and 9°C (Fig. 3) is intriguing. This indicates that some organic chemical compounds only decompose at higher incubation temperatures, presumably because the temperature affects substrate availability and thus the metabolic conditions of saprotrophs (Ågren and Wetterstedt 2007; Öquist et al. 2016) .
According to the carbon-quality-temperature theory (CQT) theory (Bosatta and Ågren 1999) , the decomposition of a complex substrate requires more enzymatic steps and a higher total activation energy than the decomposition of simple substrates and is therefore more sensitive to changes in the temperature. Empirical studies have both supported and contradicted this theory: some have reported the temperature sensitivity of complex substrates in SOM to be lower than that of simple substrates (Liski et al. 1999; Melillo et al. 2002 ) while Plant Soil (2019 185 Table 2 for quantitative information on the explained variance in Y-and X-variables). For descriptions of the X-variables, see Table S3 others have reported them to be equal (Fang et al. 2005; Conen et al. 2006) or greater (Leifeld and Fuhrer 2005; Fierer et al. 2005; Erhagen et al. 2013) . A meta-analysis of the available empirical evidence suggested that most of these studies actually agree with the CQT theory and thus support the hypothesis that temperature sensitivity increases with substrate complexity (Sierra 2012) .
It is known that the availability of easily available C strongly limits saprotrophic metabolism in soils (e.g. Vance and Chapin 2001; Ekblad and Nordgren 2002) . Changes in soil temperature and moisture may exacerbate this C limitation, further modifying the metabolic conditions of saprotrophs (Ågren and Wetterstedt 2007; Öquist et al. 2016) . The pattern of microbial SOM utilization observed in this study mirrors that of microbial basal respiration and suggests that access to SOM changes with temperature, becoming more thermodynamically constrained at lower temperatures. One plausible explanation is that temperature drives changes in the physical and chemical environment that seemingly alter the accessibility of microbial enzymes to SOM aggregates, leading to changes in the rate of C mineralization.
Our Q R values ranged between 0.2 and 0.4, which are somewhat high but still in the same range as previously reported values for forest soils (Wardle and Parkinson 1990; Blagodatskaya et al. 1996; Anan'eva et al. 2002) . The Q R ratio has previously been used to evaluate the effects of various perturbations on soil ecosystems (Anderson and Domsch 1985; Insam and Domsch 1988) and the interactions between edaphic soil variables (e.g. soil temperature and moisture) and soil microbial communities and ecosystem processes (Wardle and Parkinson 1990; Wardle and Ghani 2018) . One of the most striking findings of this study was that the ratio of the basal and substrate-induced respiration rates (Q R ) was strongly dependent on the organic chemical composition of the SOM, even though the basal and substrate-induced respiration rates individually were largely independent of the organic chemical composition.
The dependence of Q R on the pyrolysis fragments data in our study indicate that the soil organic chemical composition is an important control of the relative fraction of the microbial community that are able to utilize the native SOM. Our data from the conifer treatments also indicate that the size of the active microbial community fraction relative to the potentially active community increases with the proportion of carbohydrates and phenolic compounds. Hilli et al. (2012) have shown that polyphenols and carbohydrate-derived compounds constitute major components of tree litter and organic soil layers in both the pine and spruce-dominated boreal sites in Finland. Several studies have also shown that phenolic compounds originating from deciduous and coniferous trees have the capacity to influence nutrient mineralization and enzymatic activities and constitute one major mechanisms by which tree species and associated organic matter quality affects carbon decomposition in boreal soils (Adamczyk et al. 2009 (Adamczyk et al. , 2013 (Adamczyk et al. , 2015 .
A long-held conceptual model assumes that the decay of plant organic matter is a function of its organochemical structure (e.g. Melillo et al. 1982) . However, Cotrufo et al. (2013) have suggested that the inverse might be true posing that the C chemistry controls litter decay through its effect on microbial substrate use efficiency. More recently it has been suggested that the organo-chemical composition of litter and SOM may be less important than ecosystem-level properties such as environmental and biological controls (Marín-Spiotta et al. 2014; Lehmann and Kleber 2015; Bradford et al. 2017; Maaroufi et al. 2017) .
Both the work by Marin-Spiotta et al. (2014) and Lehmann and Kleber (2015) refers to long-term SOM stabilization (centuries to millennia), while biochemical composition has been shown to control decomposition of plant litter on the timescale of years (Schmidt et al. 2011 and references therein). The results presented here help us bridge the gap between the paradigms of short-term litter and long-term SOM decomposition showing that, on an intermediate timescale (~50 years), the molecular composition of the SOM is an important control on SOM mineralization in boreal forest soils. Our study was purposely limited to the incipient topsoil layers which are expected to be more rapidly affected by altered litter inputs (c.f. Augusto et al. 2015; Kohl et al. 2018) . However, there is valid information in these observations as previous studies have suggested that the responses to climate of SOM pools of underlying mineral soils are often similar to topsoils (Kane et al. 2005; Pries et al. 2017) . Our results are consistent with recent work on a boreal forest latitudinal gradient demonstrating that differences in vegetation, and thereby litter inputs, affect SOM chemistry more strongly compared to other differences associated with climate (Kohl et al. 2018) .
We can conclude that over the course of almost half a century, tree species have a considerable impact on the molecular composition of SOM. A large fraction of the observed variation in the SOM content was explained by the SOM's organo-chemical composition. More importantly, the fraction of the microbial community able to utilize the native SOM was largely controlled by the SOM' organo-chemical composition. Although the temperature sensitivity of CO 2 production (Q 10 ) could not be explained by the SOM composition, we observed that microbial access to SOM generated by conifers or B. pendula trees changes with the temperature, and that differences in thermodynamic constraints can affect the rates of decomposition. However, more research is needed to assess the effects of different tree species on SOM formation and how these effects change over time. Further studies should also examine and integrate the role of the abundance and composition of the soil microbial community in these processes to improve our understanding of the role of tree species on SOM dynamics in boreal soils.
